Enteropathogenic (EPEC) and enterohemorrhagic (EHEC)
Escherichia coli are important causative agents of infectious diarrhea, belonging to a family of related pathogenic bacteria that together infect a wide range of animal species, including humans (16, 29, 43, 62) . Unlike the enteroinvasive bacterial pathogens Salmonella and Shigella, EPEC and EHEC are noninvasive and infect their hosts by attaching to the surface of intestinal epithelial cells (4, 43) . Following their initial adherence, these pathogens form attaching and effacing (A/E) lesions on infected epithelial cells, characterized by the effacement of microvilli and the production of pedestal-like structures beneath the adherent bacteria. All A/E pathogens share a homologous DNA region called the LEE (locus of enterocyte effacement), a pathogenicity island required for A/E lesion formation (9, 20, 43, 67) . The LEE encodes a type III secretion apparatus and several virulence factors, including the secreted proteins EspA, EspB, and EspD, as well as the outer membrane adhesin intimin and the translocated intimin receptor (Tir) (30) . These proteins are critical for the intimate attachment of A/E pathogens to host cells, as well as for their ability to cause disease (1, 45) .
To successfully infect their hosts, A/E pathogens must not only subvert the cytoskeleton of intestinal epithelial cells but also encounter and survive the host's innate and immune defenses. Although few studies have examined these interactions, intestinal biopsy samples taken from children suffering from EPEC infection displayed significant intestinal inflammation, crypt hyperplasia, and tissue damage (12, 26, 28) . Furthermore, testing of convalescent-phase sera as well as peripheral blood lymphocytes from volunteer studies indicates that EHEC and EPEC infections induce strong humoral and cellular immune responses (37, 59) . Other studies indicate that the infected epithelial cells themselves may play an active role in the host inflammatory response, as EPEC attachment to cultured epithelial cells triggers NF-B activation and the release of interleukin-8 (IL-8) (23, (50) (51) (52) . In related studies, EPEC infection has been shown to activate mitogen-activated protein kinase pathways in host cells (7, 8, 53) . In contrast, EPEC has been found to undermine the actions of professional immune cells, at least in vitro. A toxin secreted by EPEC can inhibit cytokine production by T lymphocytes (31, 32) , while EPEC infection impairs the phagocytic ability of macrophages through a phosphatidylinositol 3-kinase-dependent mechanism (5, 21) .
Despite these observations, it remains to be determined if epithelial cells actually play an active role during infection in vivo and to what degree innate and immune responses contribute to host defense or instead become subverted by A/E pathogens. Furthering our understanding in this area has been limited by the inability of EPEC and EHEC to infect and cause A/E lesions in laboratory animal species. Fortunately, there are several veterinary A/E pathogens that infect their hosts in a manner similar to EPEC and EHEC (3, 43, 48) . Our laboratory (8, 9, 61) and others (3, 24, 40) have used Citrobacter rodentium, the causative agent of transmissible murine colonic hyperplasia, to model these infections. So far, studies have identified the elevated expression of several Th1 cytokines, including gamma interferon (IFN-␥), that contribute to both host defense and tissue damage in the inflamed colons of infected mice (24, 25, 57) . Another element of host defense, nitric oxide (NO), is a central component of innate immunity and an effective antimicrobial agent. Unlike the constitutive NO synthases, the inducible form of nitric oxide synthase (iNOS) can produce large quantities of reactive nitrogen intermediates (RNI) such as nitrite and S-nitrosoglutathione (GSNO) (39, 44) , as well as NO at concentrations that can exert antimicrobial effects. Increased expression of iNOS is frequently observed during colonic inflammation (35, 38, 46) and is induced in response to both IFN-␥ (34, 49) and bacterial lipopolysaccharide (15, 33) . Therefore, iNOS expression and the subsequent release of NO could contribute not only to host defense but also to the tissue damage seen during A/E pathogen infections.
To assess the potential role of iNOS in A/E pathogen infections, we infected wild-type mice with C. rodentium and examined iNOS expression. Finding that epithelial cells strongly expressed iNOS during infection, we also studied the effects of chemical sources of NO on C. rodentium growth in vitro and monitored the course of C. rodentium infections in mice lacking iNOS. Our findings demonstrate that iNOS expression contributes to C. rodentium clearance but, more importantly, that epithelial cells play an active role in host defense during infection by an A/E lesion-causing bacterial pathogen. Nonetheless, when we examined the proximity of iNOS staining to bacterial attachment, iNOS was selectively expressed by uninfected but not infected epithelial cells. These results suggest that, although the host response to C. rodentium infection leads to upregulation of iNOS expression, this pathogen has developed mechanisms to locally limit its exposure to host-derived NO.
MATERIALS AND METHODS
Mice. Three-to four-week-old iNOS-deficient mice (65) (on a C57BL/6 background) and wild-type C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor, Maine). Mice were kept in sterilized cages with filter tops, handled in tissue culture hoods, and fed autoclaved food and water under specificpathogen-free conditions at our animal facilities. Sentinel animals were routinely tested for common pathogens. The protocols employed were in direct accordance with guidelines drafted by the University of British Columbia's Animal Care Committee and the Canadian Council on the Use of Laboratory Animals.
Bacterial strains and infection of mice. Mice were orally inoculated with either the wild-type C. rodentium (formerly Citrobacter freundii biotype 4280) strain DBS100 (55) or the type III secretion mutant (⌬escD). For inoculations, bacteria were grown overnight with shaking in Luria broth (LB) at 37°C. Mice were infected by oral gavage with 0.1 ml of LB containing approximately 2.5 ϫ 10 8 CFU of C. rodentium. To minimize any differences between infections, both wild-type and iNOS-deficient mice were infected with the same bacterial preparation. Mice were sacrificed at various time points postinfection (p.i.), and tissues were prepared for histological analysis, viable bacterial counts, or RNA isolation as described below.
C. rodentium ⌬escD possesses a phenotype similar to that of the corresponding EPEC mutant in that it does not secrete effector proteins and is unable to cause pedestals on host cells in tissue culture. ⌬escD was generated as follows. A PCR fragment (3.75 kb) containing the escD gene as well as flanking regions from 2.2 kb upstream and 0.4 kb downstream of the escD gene was cloned into pCR2.1-TOPO to create pTOPO-ISDL. The primers used for the PCR were Seq-1 and Seq-6. The template pTOPO-ISDL was used for inverse PCR (Elongase) with deletion primers ⌬escDϩ and ⌬escDϪ to create an internal deletion and truncation in the escD gene. About 471 bp of the escD gene (from codons 26 to 149) was deleted. A BamHI site and a stop codon were introduced into the site of deletion. The inverse PCR product was treated with Klenow enzyme and T4 polynucleotide kinase and then gel purified before self-ligation and transformation into DH10B. The escD gene with the internal deletion was subcloned as an XbaI-SacI fragment into the suicide vector pRE118 (XbaI-SacI) along with its flanking regions and used for allelic exchange in wild-type C. rodentium.
Survival and body weight measurement. The systemic effects of C. rodentium infection on the host, the survival of infected mice, as well as changes in their body weight were measured over the course of infection. Mice were weighed just prior to infection, as well as at 4-day intervals until day 24 p.i. Survival data are presented as the percentages of the initial 12 mice still surviving at the end of the experiment.
Tissue collection. Over the course of the infection, mice were euthanized and, following careful dissection, the first 4 cm of the colon beginning at the anal verge was collected. Fecal pellets were removed before the tissue was weighed. Tissues were then placed in 10% neutral-buffered formalin (Sigma) for histological analysis, or the colon plus fecal pellets were collected in phosphatebuffered saline, pH 7.4, and kept on ice before being processed for viable bacterial counts.
Histology. Full-thickness colonic tissues were fixed in 10% neutral-buffered formalin. Sections (3 m) were cut and stained with hematoxylin and eosin stain. Photomicrographs were taken using a Nikon Eclipse E400 microscope. Crypt heights were measured by micrometry by an observer blinded to the experimental condition, with 10 measurements being taken in the distal colon of each mouse. Only well-oriented crypts were measured.
Bacterial counts. Colonic tissues plus any fecal pellets were homogenized at a low speed with a Kinematica tissue homogenizer (Brinkmann). Homogenates were serially diluted and plated onto MacConkey agar plates (selective for gram-negative organisms). Bacterial colonies were enumerated the following day. C. rodentium colonies were easily distinguished from colonies derived from commensal flora by their size and appearance (pink center with white rim), as previously described (54, 55) . The validity of this approach was verified by PCR analysis for LEE genes.
C. rodentium response to GSNO and SNP. To test the in vitro effects of NO on the growth of C. rodentium, wild-type cultures were grown in LB overnight at 37°C in a shaking incubator. The cultures were divided in half, with those cultures receiving the NO donor sodium nitroprusside (SNP; Sigma) diluted to 10 6 CFU/ml in LB at pH 7.0, while those receiving the NO releaser GSNO (Alexis Biochemicals) were diluted in LB at pH 5.0 (the optimal pH for GSNO) (58) . Different doses of the compounds were then added to the cultures, which were incubated with shaking at 37°C for 4 h. Cultures were then serially diluted and plated onto LB plates. Bacterial colonies were enumerated the following day.
Modified Griess reaction for levels of NO. NO has an extremely short half-life and rapidly degrades to nitrate and nitrite. Thus, NO levels were determined indirectly by measuring the total levels of these stable NO end products in plasma. In brief, blood samples were centrifuged and plasma was collected. Nitrate was reduced to nitrite by incubating the samples at room temperature with 0.05 U of nitrate reductase (Oxford Biomedical Research)/ml following the manufacturer's instructions. Samples were then mixed in 96-well microtiter plates with Griess reagent (1% sulfanilamide, 0.1% naphthylethylenediamine dihydrochloride, 25% H 3 PO 4 ) to measure nitrite levels. After 10 min, the optical density was measured at 560 nm.
Immunostaining. Immunoperoxidase staining was performed using standard techniques. In brief, tissues were rinsed with ice-cold phosphate-buffered saline, embedded in OCT (optimal cutting template) compound (Sakura Finetech), frozen with isopentane (Sigma) and liquid N 2 , and stored at Ϫ70°C. Serial sections were cut at a thickness of 6 m and fixed in ice-cold acetone for 10 min. Endogenous peroxidase activity was blocked by treatment with 1% H 2 O 2 in Tris-buffered saline, pH 7.4, for 30 min. Tissues were then blocked with 1% bovine serum albumin. For iNOS detection, a rabbit polyclonal immunoglobulin G (IgG) antibody targeted against the carboxyl terminus of mouse iNOS (SC 650; Santa Cruz Biotechnology, Santa Cruz, Calif.) was used. Detection was performed with goat anti-rabbit polyclonal IgG conjugated to horseradish peroxidase by using 3-amino-9-ethyl carbazole as the chromogen source. Specificity was confirmed by performing the staining with the omission of the primary antibody. Photomicrographs were taken using Nikon Eclipse E400 microscope.
Immunofluorescence staining was performed in a fashion similar to that used for immunoperoxidase staining. Following acetone fixation, tissue sections were directly blocked with 1% bovine serum albumin, followed by the addition of the rabbit anti-iNOS polyclonal antibody or rabbit anti-E. coli serum no. 8 (Biotech Labs, Ipswich, England) as well as rat anti-C. rodentium His-Tir serum generated in the lab. Following extensive washing with Tris-buffered saline, Alexa488-conjugated goat anti-rabbit as well as biotinylated goat anti-rat polyclonal IgG antibodies were added. Following incubation, the tissues were again washed, followed by the addition of streptavidin labeled with Alexa568. Finally, 1 g of 4Ј,6Ј-diamidino-2-phenylindole (DAPI; Sigma)/ml was used to stain the host cell DNA. Coverslips were mounted in Mowiol mounting medium (Aldrich) and viewed at 350, 488, and 594 nm on a Zeiss Axiophot epifluorescence microscope.
For studies examining whether iNOS and Tir expression colocalized to the same cells, we examined at least 10 randomly chosen high-power fields in the distal colon of each mouse, with four mice tested per group. Using DAPI staining to estimate epithelial cell numbers, we counted the number of epithelial cells that stained positively for one or both markers. Infected cells were characterized as mildly or heavily infected based on the number of focal sites of Tir expression, presumably equivalent to the number of attaching bacteria. Ten or fewer Tir foci designated a cell as mildly infected; more than 10 designated it as heavily infected.
RNA extraction and semiquantitative PCR. Immediately following dissection, colonic tissues were transferred to 1 ml of TRIzol reagent (Gibco Life Technologies), frozen in liquid N 2 , and stored at Ϫ70°C. RNA was purified according to the manufacturer's instructions. Total cellular RNA was isolated by homogenization of the tissue in 2 ml of TRIzol reagent (Gibco Life Technologies). Following incubation at room temperature for 5 min, RNA was extracted with chloroform (Sigma) and then centrifuged for 15 min at 12,000 ϫ g and 4°C. The aqueous phase was precipitated with an equal volume of isopropanol (Sigma) and subsequently centrifuged for 15 min at 12,000 ϫ g and 4°C. The pellet was washed with 70% ethanol and resuspended in 50 l of water. Total RNA was determined by spectrometric analysis. RNA was treated with DNase I (Clontech, Palo Alto, Calif.) to remove contaminant genomic DNA for 1.5 h in the presence of the RNase inhibitor (Ambion, Austin, Tex.). A 10ϫ termination mixture (0.1 M EDTA [pH 8.0], 1 mg of glycogen/ml) was added to stop the reaction. The enzyme was removed with phenol-chloroform extraction, and RNA was precipitated with 2 volumes of ethanol and 1/10 volume of 3 M sodium acetate, pH 5.2. RNA was resuspended in 15 l of diethyl pyrocarbonate-treated H 2 O containing the RNase inhibitor and stored at Ϫ70°C. RNA was tested for the presence of remaining DNA contamination by 35 cycles of PCR amplification with the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-specific primers CR127 (AGAACATCATCCCTGCATCC) and CR128 (CTGGGATGGAAATTGTG AGG).
Reverse transcription (RT) was performed with Superscript (Gibco) according to the manufacturer's instructions by using 3 g of total RNA in each reaction mixture. cDNA was synthesized in 20-l reaction mixtures with oligo(dT). PCR amplification was performed by using 0.5 l of cDNA as template with the specific primers for mouse iNOS CR104 (CAGAGGACCCAGAGACAAGA) and CR105 (ACCTGATGTTGCCATTGTTG). The following PCR conditions were used: a 10-min denaturing step at 94°C and 35 cycles of 40 s at 94°C, 40 s at 61°C, and 50 s at 72°C. PCR products were analyzed by 1.5% ethidium bromide-agarose gel electrophoresis.
Data presentation and statistical analysis. All the results were expressed as the mean Ϯ 1 standard error of the mean (SEM) from three independent experiments; n refers to the number of mice tested. Statistical significance was calculated by using the nonparametric Mann-Whitney U test. Multiple comparisons were performed by using the Neuman-Keuls multiple-comparison test. A P of Ͻ0.05 was considered significant.
RESULTS
C. rodentium infection induces iNOS mRNA expression in the colon. C57BL/6 mice were infected with either wild-type C. rodentium or the type III secretion mutant ⌬escD. This mutation eliminates the ability of C. rodentium as well as EPEC to form pedestals on tissue culture cells. Following oral inoculation into mice, ⌬escD only transiently colonized the colon and did not cause any appreciable tissue damage or disease (data not shown). RT-PCR for iNOS was performed on tissues taken from uninfected mice as well as from mice infected 6 or 10 days previously with the two isogenic C. rodentium strains. As shown in Fig. 1 , iNOS mRNA levels were significantly increased by day 6 p.i. in mice infected with wild-type C. rodentium and expression was further increased by day 10 p.i. In contrast, no increase in iNOS mRNA expression was observed in tissues from mice that received the ⌬escD mutant, indicating that the induction of iNOS mRNA required both the stable infection of the colon and C. rodentium possessing a functional type III secretion system.
Immunoreactive iNOS expression is localized to colonic epithelial cells. Based on the increased iNOS expression seen by RT-PCR, immunostaining was used to identify the cells expressing iNOS in the colons of mice infected with wild-type C. rodentium. Few if any cells in uninfected colonic tissues were immunoreactive for iNOS ( Fig. 2A) . In contrast, by day 6 p.i., more than 50% of the superficial epithelial cells in the infected distal colon expressed iNOS (data not shown). At this time, there was little inflammatory infiltrate and only a few iNOSpositive mononuclear cells could be detected within the lamina propria and submucosa. Compared to the number of epithelial cells that expressed iNOS, this cell population was negligible. By day 10 p.i., the inflammatory and pathological response to infection had increased, with edema and epithelial hyperplasia thickening the colonic mucosa. At this time, the number of iNOS-expressing cells had increased, as had the intensity of the staining throughout the infected colon. Again, 50 to 60% of the superficial epithelial cells were immunoreactive for iNOS. In addition, many of the less mature epithelial cells found midway along the length of the colonic crypts as well as at their base (Fig. 2B ) expressed iNOS. Higher magnification revealed that iNOS expression by epithelial cells was focused along their apical membrane (Fig. 2C) . While the number of inflammatory cells in the infected colon was greater on day 10 p.i., there were still only a small number that stained positively for iNOS. A similar pattern of iNOS expression was also seen at days 14 and 18 p.i., but between days 21 and 24 p.i., iNOS expression, while still observed on epithelial cells, had begun to subside (data not shown).
Plasma nitrate and nitrite levels increase during infection. Since elevated iNOS expression was seen in the colon during infection, the levels of NO found in the plasma were also assessed. As NO rapidly degrades to nitrate and nitrite, we FIG. 1. Infection by wild-type (wt) C. rodentium but not the type III secretion mutant ⌬escD leads to increased iNOS mRNA expression in colonic tissues. RT-PCR for iNOS demonstrated that infection of immunocompetent C57BL/6 mice with wild-type C. rodentium leads to a progressive and significant elevation in iNOS expression, as seen on days 6 and 10 p.i., compared to that in uninfected (Ϫ) mice. In contrast, infection with the ⌬escD mutant did not induce iNOS mRNA expression over the same time course. The housekeeping gene GAPDH was used to normalize RNA abundance. measured total levels of these end products in plasma by converting nitrate to nitrite and then measuring nitrite by using the Griess reaction. Uninfected mice had plasma nitrate levels of 86.8 Ϯ 12.6 M. At the peak of the infection (day 10 p.i.), levels had significantly increased to 147.6 Ϯ 11.2 M (P Ͻ 0.05) (n ϭ 4 in three independent infections).
SNP and GSNO are bacteriostatic for C. rodentium in vitro. The bacteriostatic and bactericidal effects of RNI have been characterized for a number of bacterial species but not for A/E lesion-causing pathogens. The induction of iNOS expression and the elevation of circulating NO levels during C. rodentium infection indicated that this pathogen would encounter elevated NO levels as it infected its host. Therefore, the effects of the NO donor SNP and the NO releaser GSNO on C. rodentium growth were tested in vitro. As shown in Fig. 3A and B, both SNP and GSNO exhibited a dose-dependent inhibition of bacterial growth. SNP proved more effective than GSNO at inhibiting bacterial growth, although this may partially reflect the reduced basal bacterial growth seen at the low pH (pH 5.0) required for GSNO efficacy (58) . At their most effective doses, SNP inhibited bacterial growth from an almost 1,000-fold increase down to less than 40-fold whereas GSNO inhibited growth from 450-fold down to approximately 60-fold. It should be noted that SNP in particular had a significant inhibitory effect on C. rodentium growth even at lower concentrations (100 M).
iNOS deficiency does not affect morbidity in mice during infection. Based on the increased iNOS expression and NO levels during infection and the finding that chemical sources of NO had strong bacteriostatic effects on C. rodentium in vitro, we next assessed the role of iNOS during infection in vivo. The course of C. rodentium infection in iNOS-deficient mice was compared to that seen in wild-type C57BL/6 mice. Infection led to reduced activity, ruffled fur, loose stool, and perianal fecal staining in both wild-type and iNOS-deficient mice. A similar degree and timing of weight loss was seen in both mouse strains during infection (data not shown), with body weight dropping by as much as 15% from days 10 to 14 p.i. compared to that of age-matched uninfected mice. Infection also resulted in the deaths of a small number of mice between days 10 and 14 p.i. In a total of three infections, mortality of wild-type mice averaged 24 Ϯ 12% whereas mortality was reduced in iNOS-deficient mice to an average of 8 Ϯ 6%. Despite the trend towards reduced mortality in the iNOSdeficient mice, it did not reach statistical significance.
We also examined the circulating plasma NO levels under basal and infected conditions in the two mouse strains by assaying both the nitrate and nitrite levels. In contrast to the significant increase in plasma NO levels found in infected wildtype mice (see above), levels in uninfected (74.0 Ϯ 9.4 M) and infected (89.8 Ϯ 7.0 M) iNOS-deficient mice were not significantly different (n ϭ 4 in three independent infections). As well, staining of colonic tissues from infected and uninfected iNOS-deficient mice for immunoreactive iNOS (data not shown) confirmed their lack of iNOS protein expression.
iNOS expression accelerates bacterial clearance. We next compared the course of bacterial colonization and clearance in wild-type and iNOS-deficient mice by homogenizing whole colons and plating the homogenate in serial dilutions on selective media. Both mouse strains were heavily colonized by C. rodentium by day 6 p.i., with bacterial numbers increasing on days 10 and 14 p.i. (Fig. 4) . While there was a trend towards greater numbers in the iNOS-deficient mice at the earlier time points (days 6 to 14 p.i.), the differences did not reach statistical significance. By day 18 p.i., however, the numbers of C. rodentium bacteria within the colon began to drop and this clearance occurred more rapidly in the wild-type mice than in the iNOSdeficient mice. Bacterial counts were significantly greater (by 10-to 100-fold) in the iNOS-deficient mice than those in the wild-type mice at days 18, 21, and 24 p.i. (P Ͻ 0.05). C. rodentium cells are found deeper in the crypts of iNOSdeficient mice. As recently described for the infection of IL-12-and IFN-␥-deficient mice (57), the absence of these cytokines leads to deeper penetration of C. rodentium into the colonic crypts of infected mice. Since the location and intensity of iNOS expression in the colonic crypts changed over the course of infection, we examined whether iNOS expression influenced bacterial localization within individual crypts. Bacterial colonization of both wild-type and iNOS-deficient mice occurred by day 6 p.i. (Fig. 4) , but at this time, the infection was superficial, with bacteria rarely penetrating deeply into crypts. At day 10 p.i., most C. rodentium cells remained in superficial locations in the colons of wild-type mice (Fig. 5 .) An occasional crypt was found where the infection had progressed deeper, to a depth halfway down the crypt (3.3 Ϯ 1.2 crypts/cross section) or, rarely, to the base of the crypt (0.5 Ϯ 0.4 crypts/cross section). At the same time, the depth of infection was much greater in the iNOS-deficient mice (Fig. 5) , with many crypts partially (24.6 Ϯ 12.9 crypts/cross section) or totally (13.0 Ϯ 9.4 crypts/cross section) filled with bacteria all the way to their base. This effect was transient, since by day 14 p.i., bacteria in both mouse strains were again found to be in superficial locations, and this localization remained apparent at later time points.
Colonic pathology is similar in wild-type and iNOS-deficient mice. The colons of wild-type and iNOS-deficient mice were examined for changes in colonic weight as an indirect measure of epithelial hyperplasia, mucosal inflammation, and hyperemia (common features of C. rodentium infection). There was little increase in colon weight over the first 6 days of infection in either mouse strain, but between days 6 and 10 p.i., the tissue weight at least doubled that found in uninfected mice (Table 1 ). In the days following, the colon weights remained at this plateau and started to decrease only at day 21 p.i. Similarly, when we directly measured colonic crypt heights, we saw a similar dramatic increase in crypt heights in both wild-type and iNOS-deficient mice (Fig. 6) . In both colon weight and crypt height measurements, while there was a trend towards greater pathology during the later stages of infection in the iNOS-deficient mice, the differences did not reach statistical significance.
Immunostaining for the virulence factor Tir to identify C. rodentium-infected cells. Despite the observation that a number of colonic epithelial cells expressed iNOS during C. rodentium infection, it remained to be determined if the expression Fig. 2 , immunofluorescence staining of infected tissues identified many epithelial cells in the infected colon and particularly cells at the base of the colonic crypts as being iNOS positive. However, since C. rodentium predominantly infected superficial epithelial cells in immunocompetent C57BL/6 mice ( Fig.  5) , we focused only on those epithelial cells in the uppermost third of the crypts for the iNOS and Tir colocalization studies. Surprisingly, there was very little colocalization between the two markers on these superficial epithelial cells (Fig. 7B) .
While 87% of uninfected (Tir-negative) cells were strongly iNOS positive at day 10 p.i., epithelial cells that were mildly infected (fewer than 10 Tir foci/cell) seldom expressed iNOS (23%) and those that were more heavily infected were even less likely to express iNOS ( Table 2 ). While Tir-positive, iNOSnegative epithelial cells were often found in stretches along several adjacent crypts, this staining pattern was also seen in individual cells. As shown in the Fig. 7B insert, there were long stretches of iNOS-expressing epithelial cells that were occasionally interspersed by Tir-positive, iNOS-negative epithelial cells. This pattern was seen on days 6, 10, and 14 p.i. At later time points, the number of bacteria in the colon had decreased to levels that made it difficult to identify more than a few scattered infected cells per tissue cross section.
DISCUSSION
Following their ingestion, enteric bacterial pathogens must not only survive the harsh environment of the gastrointestinal tract but also overcome or avoid an array of mucosal defenses in order to replicate and successfully colonize their hosts. Strategies used by Shigella, Salmonella, and other bacterial pathogens to accomplish these goals include the invasion of the intestinal epithelium (47) and, in some cases, using the mucosa as a portal of entry to spread to distal sites by subsequently infecting professional phagocytes (14) . As a result, most studies examining host defenses against these intestinal pathogens have focused on the responses of epithelial cells to bacterial invasion (10, 47) as well as on the antimicrobial mechanisms activated within phagocytes (6, 63) . In contrast, there are many important diarrheagenic pathogens such as EPEC and EHEC that do not invade the intestinal epithelium but instead remain at and colonize the mucosal surface by attaching to the surface of epithelial cells (56) . By remaining in this position throughout the duration of their infection, these microbes interact almost exclusively with underlying epithelial cells and have little contact with professional inflammatory or immune cells (62) . Little is known about the host defense mechanisms and actions that are exerted against A/E pathogens.
This study demonstrates that one host defense mechanism encountered by the A/E pathogen C. rodentium during its infection of the mouse colon is the upregulation of iNOS expression by uninfected rather than infected colonic epithelial cells. iNOS-derived NO is a central effector molecule in the innate immune response to many pathogens. While NO and other RNI have a number of immunoregulatory functions, including inhibiting lymphocyte proliferation, altering cytokine and prostaglandin production, and inducing or inhibiting apoptosis (11) , their primary function in host defense appears to FIG. 6 . Both wild-type C57BL/6 mice (solid bars) and iNOS-deficient mice (open bars) undergo significant increases in colonic crypt heights during C. rodentium infection. No significant differences in the mean crypt heights (in micrometers) were found between these two mouse strains over the first 24 days of infection. The data represent the means from three independent experiments in which each group contained five mice, and error bars represent standard errors. a C. rodentium infection results in increased colon weights in both wild-type and iNOS-deficient mice. Values represent the mean colon weight Ϯ 1 SEM from three independent experiments, each with groups of four to five mice.
b Significantly increased colon weight in both the wild-type and iNOS-deficient strains compared to that of uninfected mice of the same strain (P Ͻ 0.05).
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FIG. 7.
Immunofluorescence staining shows that infected cells in colonic tissue sections can be identified by their immunoreactivity for Tir but that Tir generally does not colocalize to cells expressing iNOS. (A) Colonic tissue section from a C. rodentium-infected mouse (day 10 p.i.) showing the lumenal surface of the colonic mucosa. Most host cells in this field of view (using DAPI to stain their nuclei blue) are superficial epithelial cells, while C. rodentium LPS is shown in green and Tir is shown in red. Large clusters of C. rodentium bacteria can be seen attached to these superficial epithelial cells during infection (original magnification, ϫ1,000). In the inset, at a higher magnification, one can see that Tir staining is not found inside the bacteria (arrow) but rather that it occurs outside of the bacteria (arrowhead), presumably translocated from the bacteria into the underlying epithelial cell and focused at the tip of actin pedestals. (B) This field of view shows the superficial colonic mucosa in both the upper and lower parts of the field, with the lumen in the center. By using the staining of Tir as a marker for infected cells, double immunostaining for Tir (red) and iNOS (green) shows that there is very little colocalization between cells expressing Tir and those expressing iNOS. The majority of the epithelial cells on the mucosal surface on the lower half of the picture are infected (Tir positive) but do not express iNOS, while the cells at the top express iNOS but are not infected and do not express Tir (original magnification, ϫ630). (Inset) At a higher magnification, one can see individual Tir foci in red (arrowhead) on the apical surface of one or two infected cells. These infected cells are the only iNOS-negative cells in a long stretch of uninfected epithelial cells expressing iNOS (green) at their apical surface.
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be to damage and destroy pathogens (44) . A number of cell types can produce RNI; however, macrophages generate the highest output, considerably outpacing all other cell types, including polymorphonuclear cells. Studies examining the antimicrobial actions of NO have therefore focused on the actions of macrophages against intracellular pathogens. Within macrophages, iNOS expression results in the generation of high concentrations of NO in close proximity to pathogens (44) . At these concentrations, NO possesses potent antimicrobial activity and plays an important host-protective role against many intracellular pathogens, including Mycobacterium tuberculosis (44) and Leishmania major (65) . While there is significant evidence for iNOS contributing to host defense against several intracellular pathogens, its role against extracellular mucosal pathogens is less clear (56) . This is particularly true for A/E pathogens that are extracellular, actually residing outside the host itself. As a result of this protected location, they are protected from many of the actions of the host's inflammatory cells. Furthermore, EPEC and probably other A/E pathogens are capable of impairing the phagocytic ability of macrophages (21) through a phosphatidylinositol 3-kinase-dependent mechanism (5). Even so, simply preventing their uptake by macrophages may not fully protect EPEC and other pathogens, as RNI can be released by host cells into the external environment, killing extracellular parasites and bacteria such as E. coli (44) . Considering the number of factors limiting the ability of professional inflammatory cells to defend against A/E pathogens, it was interesting to find that colonic epithelial cells rather than phagocytes were the major cellular source of iNOS during C. rodentium infection. Such a host response is not unique, as iNOS expression has been shown in the gastric mucosa during Helicobacter pylori infection (17) and in the bladder epithelium of uropathogenic E. coli-infected mice (42) . Similar to the results found with these diverse mucosal pathogens, iNOS expression by epithelial cells in the colon was focused along their apical surface. Since C. rodentium intimately attaches to the colonic epithelium, it seemed plausible that iNOS expression was directly induced by bacterial attachment. There are several studies demonstrating that epithelial cells respond to A/E pathogen attachment by activating inflammatory signaling pathways. EPEC and EHEC infections in vitro trigger NF-B activation and the release of IL-8 (50) (51) (52) . Similarly, EPEC infection has been shown to activate mitogenactivated protein kinase pathways in host cells (7, 8, 53) . While there are no data demonstrating that A/E pathogens directly trigger iNOS expression in epithelial cells, Salmonella and other invasive pathogens do trigger a massive increase in iNOS expression in epithelial cells during the process of cellular invasion (10, 66) .
Intestinal epithelial cells have been shown to express iNOS not only during infection but also in response to other challenges such as intestinal inflammation. This has been seen in humans (19, 34) and in experimental models (2, 35, 41) as well as in tissue culture following cytokine and endotoxin stimulation (36) . Studies in vitro have conclusively demonstrated not only that epithelium-derived iNOS is functional but that the NO produced by epithelial cell monolayers is released predominantly from the apical surface (66) . In the colon, this should result in the release of NO predominantly into the colonic lumen. Accordingly, this is what was found in ulcerative colitis patients in whom extensive iNOS expression by colonic epithelial cells was associated with lumenal NO levels elevated more than 20-fold over normal levels (19, 38, 46) . The NO released by epithelial cells also can exert cytotoxic effects, as seen during Bordetella pertussis infection in the lung, where NO released from nonciliated epithelial cells causes the destruction of adjacent ciliated cells (13) . Since A/E pathogens are in such intimate contact with the epithelium, they should be exposed to damaging levels of NO released from epithelial cells. Whether this is sufficient to kill bacteria or would merely limit their growth depends on the inherent susceptibility to RNI of the pathogen in question, as some bacteria possess mechanisms to limit the effects of NO (6) . One way to test this is to use chemical sources of NO in culture. While the susceptibility of EPEC and EHEC to NO has yet to be examined, in previous studies, the NO donor SNP and the NO releaser GSNO have both been shown to have bacteriostatic effects on Salmonella and other gram-negative bacterial pathogens (39, 44, 58) .
Studies examining the susceptibility of C. rodentium to RNI in vitro found that both SNP and GSNO had significant bacteriostatic effects on its growth in culture. At the highest doses tested, bacterial growth was reduced by more than 97% from an almost 1,000-fold increase in numbers over 4 h to less than a 40-fold increase. GSNO, which works best at the pH of the phagosome (pH 5.0), also suppressed C. rodentium growth, even though the baseline bacterial growth was reduced at this low pH. More importantly, SNP in particular had significant bacteriostatic effects on C. rodentium at fairly low concentrations (100 M). These results suggested that iNOS and NO could be potent players in host defense in the C. rodentium model; therefore, iNOS-deficient mice were infected to determine the effect the loss of this source of NO had on the course of C. rodentium infection in vivo. Curiously, iNOS deficiency only transiently altered the infection, permitting C. rodentium to penetrate deeper into the colonic crypts of iNOS-deficient mice, as well as causing a moderate delay in bacterial clearance. iNOS expression had even less of an effect on macroscopic and histologic changes in the infected colon. Considering the widespread and consistent expression of iNOS in the colon of C. rodentium-infected wild-type mice, this was an unexpected result, particularly if adherent bacteria were in direct contact with the epithelial cells expressing iNOS. To determine if this was the case, it was necessary to examine whether infected cells were actually expressing iNOS. In order to test this, we needed to differentiate infected from uninfected epithelial cells in colonic tissues. To achieve this goal, we used a novel approach, staining a translocated bacterial effector protein in infected tissues. Based on its location at the tip of actin pedestals (22), we chose the bacterial effector Tir as a marker to identify C. rodentium-infected colonic epithelial cells. Through double-label immunostaining for both Tir and iNOS, we observed that iNOS expression was limited almost exclusively to uninfected epithelial cells. In contrast, those cells directly infected by C. rodentium were predominantly iNOS negative. This lack of colocalization between iNOS and Tir was seen throughout the course of the infection. These results suggest that the small protective role identified for iNOS in vivo was probably mediated by uninfected rather than infected cells. More intriguing was the apparently selective expression of immunoreactive iNOS by uninfected rather than infected epithelial cells. This result strongly indicates that iNOS induction on epithelial cells was not caused by direct contact with C. rodentium but rather due to stimulation by bacterial LPS and/or the host inflammatory response. The lack of iNOS expression seen following infection with the type III secretion mutant ⌬escD was probably due to the limited ability of this strain to colonize or induce an inflammatory response in the host rather than a direct effect of type III secretion. While there are several possible reasons behind the lack of iNOS and Tir colocalization to the same epithelial cells, it seems unlikely that it is simply due to C. rodentium preferentially infecting cells not expressing iNOS. Within a given section of colon, one can assume that the epithelial cells lining infected crypts should receive at least as much exposure to LPS and cytokines as those epithelial cells lining uninfected crypts. Despite this, iNOS expression was rarely seen in those crypts that were infected by C. rodentium. Furthermore, the observation that, amidst large stretches of iNOS-expressing epithelial cells, the few isolated cells that were infected were iNOS negative suggests that this pathogen may be taking an active role in limiting its exposure to NO.
Based on the data in this study, we hypothesize that C. rodentium infection is capable of modulating iNOS expression through the epithelial cells in its natural host, mice. In fact, a number of bacterial pathogens have recently been shown to manipulate or divert innate host defenses including iNOS and NO production (6). Best described are the mechanisms used by bacterial pathogens to subvert the microbicidal actions of macrophages. For example, Vazquez-Torres and Fang recently demonstrated the ability of Salmonella enterica serovar Typhimurium to divert NADPH (phagocyte oxidase) from the Salmonella-containing vacuole (63) whereas the bacterial pathogen Burkholderia pseudomallei has been shown to interfere with iNOS expression in an infected macrophage cell line (60) . While less is known about the interactions between bacterial pathogens and the antimicrobial mechanisms expressed by epithelial cells, there is increasing evidence that pathogens do subvert the host's epithelial defenses. The H. pylori arginase rocF was recently found to inhibit NO production by eukaryotic cells (18) , presumably as a strategy for survival in the face of epithelium-based NO production in the infected gastric mucosa. In addition, studies examining biopsy samples from Shigella flexneri-infected patients found a striking reduction in the expression of several antimicrobial peptides (defensins) in the infected epithelium (27) . In the cases of both macrophages and epithelial cells, it appears that bacterial pathogens that interact for any length of time with these host cells commonly act to subvert their antimicrobial defenses. EPEC has already been described as being able to block phagocytosis (5, 21) and inhibit cytokine release from lymphocytes (31, 32) . These abilities, taken together with the fact that A/E pathogens are intimately bound to epithelial cells for several days and can cause lengthy infections (12, 22) , suggest that these pathogens have probably developed some means to avoid epithelial antimicrobial defenses, including NO-dependent killing. Future studies will be required to determine if the lack of iNOS expression on C. rodentium-infected cells is mediated through the specific actions of translocated bacterial effectors. Alternatively, since iNOS is associated with the actin cytoskeleton (64), the extensive cytoskeletal rearrangements caused by these infections may prevent the recruitment of iNOS from the cytoplasm to the apical surface of epithelial cells.
In conclusion, as we begin to understand the mucosal defenses involved in protecting the host during A/E pathogen infections, it appears that colonic epithelial cells do play an active role in host defense against these pathogens. Although this study specifically examined iNOS expression, several other antimicrobial effectors, including defensins, can be expressed by colonic epithelial cells. In fact, during the course of these studies, Simmons et al. (57) found that ␤-defensin-3 and iNOS, as well as the cytokines IL-12 and IFN-␥, were upregulated during C. rodentium infection. Unfortunately, the contribution of ␤-defensin-3 to host defense was not examined; however, compared to the significant roles seen for IL-12 and IFN-␥, iNOS was found to play little role during the course of infection and was not examined further. Our more extensive evaluation over the full time course of C. rodentium infection did reveal a modest contribution by iNOS to host defense but, more importantly, led us to the intriguing observation that the activation of iNOS expression on epithelial cells was generally absent on infected cells. While determining the basis for this specific observation will require further studies using tissue culture models, it is important to note the novelty and applicability of this approach. This is the first study where a translocated bacterial virulence factor has been stained in infected tissue sections, allowing us to differentiate between the host response in the whole infected tissue and the response at the single-infected-cell level. Future studies should assist in our understanding of the intricate and complex interactions between A/E pathogens and their hosts. Identifying what antimicrobial mechanisms these pathogens actually encounter and how they may subvert host cell functions should prove of benefit, not only in combating this important family of human and veterinary pathogens but in managing public health in general.
